The effect of heat sinks on the distribution of temperature in the plasmonic nanopore system
Using the finite-element continuum simulation (COMSOL Multiphysics), we assessed the magnitude of the local temperature increase in the plasmonic nanopore systems caused by plasmonic heating. One calculation was carried out using the same bow tie geometry as in our all-atom MD simulations except that the nanopore was not present in the continuum calculations, which facilitated numerical convergence of the calculations. The total simulation volume was a cube 2 µm on each side ( Figure S2a ). The second modeling system was identical to the first one except the two diamond heat sinks (500×600×40 nm 3 each) that were present at the back side of the gold prisms ( Figure S2b ). To enable one-to-one comparison of the local temperature maps with and without the heat sinks we neglected a possible effect of the diamond blocks on plasmonic excitation. The diamond material was chosen from the COMSOL material library (named as diamond type I). The density was 3.5 g·cm −3 and the isobaric mass heat capacity was 0.5 J·g −1 K −1 . The Heat Transfer module was used to calculate the heat dissipation. Six boundary surfaces of the simulation box were assigned to a fixed temperature of 295 K, the same as the initial temperature of the entire system and the temperature we used in the MD simulations.
According to the previous work by Jonsson and Dekker, the maximum temperature increase in a plasmonic nanopore system of similar dimensions is ∼60 • C under a 10 mW laser power; 1 the local temperature increases linearly with the laser power. 2 Instead of explicitly modeling the effect of plasmonic excitation on the bow tie temperature, we considered here the bow tie as a constant heat source. The amount of heat generated by the heat source was chosen to match the previous calculations by Jonsson and Dekker. In our calculations, the local temperature between the tips of the bow tie in a steady state was 64 • C higher than the ambient temperature, Figure S2c . In the presence of the heat sinks and the same heat production by the plasmonic excitation, the local temperature changed more slowly and reached a steady-state temperature of only 6 • C higher than ambient temperature, Figure S2d . Thus, incorporation of heat sinks can indeed considerably lower the local temperature increase produced by the plasmonic heating. Theoretical estimation of expected SERS signals from single DNA bases during translocation.
The total SERS signal P SERS (the number of scattered photons per second) is given by: 3
where σ effective is the effective SERS cross section of a single base and n is the number density of photons per time incident on the plasmonic structure. The latter can be estimated as the focused laser power density divided by the photon energy. Using 10 mW laser power, a beam radius of 250 nm, and a wavelength of 788 nm this gives:
The effective SERS cross section σ effective can be described as: 3
where I(r, λ excitation )/I 0 represents the electromagnetic field intensity enhancement at the position of the molecule of interest r and at a specific wavelength λ excitation . Since the shift in wavelength between excitation and scattered light is small, we employ the common approximation to only use the field intensity enhancement at the excitation/laser wavelength. The first term σ local /σ free accounts for changes of the Raman cross section of the molecule due to the presence of the substrate. This part is typically referred to as a chemical enhancement and it is strongest for adsorbed molecules. However, even for non-adsorbed molecules, the Raman polarizability may be affected by the electromagnetic field, for example, through image dipole effects. 4 The chemical enhancement is molecule-specific and typically < 10. In order to set a lower limit for detection, we, conservatively, neglect this enhancement in our estimations and use σ local /σ free = 1.
The (non-enhanced) Raman cross section of single-DNA bases can be 3 as low as 10 −34 m 2 .
Using an intensity enhancement for our structure of ∼ 10 4 gives σ effective of ∼ 2 · 10 −24 m 2 . This finally gives a SERS signal of ∼ 10 5 photons per second. With a state-of-the art experimental SERS setup optimized for good collection efficiency and a high signal-to-noise ratio, this should allow for rather fast (deep sub-second) acquisition times while maintaining single-base sensitivity.
We would in this respect also like to note that the possibility to optically trap the molecule during translocation in principle allows for the acquisition time to be adjusted as long as needed, in
order to obtain sufficient signal-to-noise ratio. In addition, we note that have used a low estimation of σ effective , and this value can probably be highly improved. For example, Kneipp et al. reported
σ effective values of ∼ 10 −20 m 2 for single DNA bases adsorbed to silver colloidal clusters. 5 In summary, our estimations show that it is realistic to expect to be able to detect single bases during translocation of a (trapped) DNA molecule.
Captions to animations
Supplementary Movie 1: Single-spot trapping of double-stranded DNA. This animation illustrates a 100 ns all-atom molecular dynamics simulation of DNA translocation through a plasmonic nanopore. The transmembrane bias is 350 mV; the plasmonic field is produced by a laser beam of 2.2 mW power. Red arrows indicate the direction and magnitude of forces experienced by individual nucleotides due to the established plasmonic fields. Semi-transparent red surfaces show the surfaces of a constant value (25,000) of the optical field enhancement potential, i.e. I/I 0 = 25,000. Each of the two hot spots near gold nano-triangles has "C" shape and two maxima. As a result, each hot spot appears in the movie as two semi-transparent surfaces near the corresponding tip of the gold nano-triangle.
Supplementary Movie 2:
Dual-spot trapping of double-stranded DNA. This animation illustrates a 100 ns all-atom molecular dynamics simulation of DNA translocation through a plasmonic nanopore. The transmembrane bias is 350 mV; the plasmonic field is produced by a laser beam of 3.7 mW power. Red arrows indicate the direction and magnitude of forces experienced by individual nucleotides due to the established plasmonic fields. Semi-transparent red surfaces show the surfaces of a constant value (25,000) of the optical field enhancement potential, i.e. I/I 0 = 25,000. Each of the two hot spots near gold nano-triangles has "C" shape and two maxima. As a result, each hot spot appears in the movie as two semi-transparent surfaces near the corresponding tip of the gold nano-triangle.
Supplementary Movie 3:
Stepwise displacement of double-stranded DNA through a plasmonic nanopore. This animation illustrates a 160 ns all-atom molecular dynamics simulation of DNA translocation through a plasmonic nanopore. The transmembrane bias is 350 mV; the plasmonic field is produced by a laser beam of 3.7 mW power. The stepwise displacement is induced by periodic modulation of the laser beam. Each modulation includes the trapping and release phases. During the release phase, the plasmonic field is switched off completely and DNA is free to move through the pore. During the trapping phase, the DNA is attracted towards the plasmonic field maxima and, as a result, its motion is retarded or halted. In the movie, the duration of each phase (trapping and release) is 20 ns for a total period of the modulation cycle of 40 ns. Semi-transparent red surfaces show the surfaces of a constant value (27,000) of the optical field enhancement potential, i.e. I/I 0 = 27,000. Each of the two hot spots near gold nano-triangles has "C" shape and two maxima. As a result, each hot spot appears in the movie as two semi-transparent surfaces near the corresponding tip of the gold nano-triangle. Plasmonic fields are shown during the trapping phase of the modulation cycle only.
Supplementary Movie 4:
Step-like motion of a double-stranded DNA molecule through the plasmonic nanopore observed in coarse-grained molecular dynamics simulations. The transmembrane bias is 50 mV; the plasmonic field is produced by a laser beam of 16.8 mW power. The step-like motion is induced by periodic modulation of the incident laser beam. Each modulation includes the on (trapping) and off (release) phases. During the off phase, the plasmonic field is switched off completely and DNA is free to move through the pore. During the on phase, the DNA is attracted towards plasmonic field maxima and, as a result, its motion is slowed down or halted. In the movie, the duration of trapping and release phases is 2.0 and 0.4 µs, correspondingly, for a total period of the modulation cycle of 2.4 µs. Semi-transparent red surfaces show the surfaces of a constant value (14,600) of the optical field enhancement potential, i.e. I/I 0 = 14,600. Plasmonic fields (semi-transparent red surfaces) are shown during the on phase of the modulation cycle only.
Supplementary Movie 5:
Stepwise displacement of double-stranded DNA under the single hotspot trapping conditions. This animation illustrates a 70 ns all-atom molecular dynamics trajectory. The transmembrane bias is 500 mV; the plasmonic field is produced by a laser beam of 7.4 mW power. The stepwise motion of the molecule through the nanopore is produced by a periodical modulation of the plasmonic field. The durations of the on and off phases of the plasmonic field are 5 ns each for a total period of the modulation cycle of 10 ns. Surface enhanced Raman scattering from the nucleotides in the plasmonic hot spots reports on the nucleotide composition of the DNA fragment confined to the hot spot. In the movie, the nucleotides that have major contributions to the overall SERS signal are highlighted according to their type: orange (adenin), yellow (cytosine), cyan (guanine), and green (thymine).
